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A systematic investigation on magnetism and spin-resolved electronic properties in double pe-
rovskite Ca2CoMoO6 compound was performed by using the full-potential augmented plane wave
plus local orbitals (APWþlo) method within the generalized gradient approximation (GGA-
PBE) and GGA-PBEþU scheme. The stability of monoclinic phase (P21=n #14) relative to the

tetragonal (I4=m#87) and cubic (Fm�3m #225) phase is evaluated. We investigate the e®ect of
Hubbard parameter Uon the ground-state structural and electronic properties of Ca2CoMoO6

compound. We found that the ferromagnetic ground state is the most stable magnetic con¯gu-
ration. The calculated spin-polarized band structures and densities of states indicate that the
Ca2CoMoO6 compound is half-metallic (HM) and half-semiconductor (HSC) ferromagnetic (FM)
semiconductor with a total magnetic moment of 6.0 using GGA-PBE and GGA-PBEþU ,
respectively. The Hubbard U parameter provides better description of the electronic structure.
Using the Vampire code, an estimation of exchange couplings and magnetic Curie temperature is
calculated. Further, our results regarding the magnetic properties of this compound reveal their
ferromagnetic nature. The GGA-PBEþU approach provides better band gap results as compared
to GGA-PBE approximation. These results imply that Ca2CoMoO6 could be a promising mag-
netic semiconductor for application in spintronic devices.
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1. Introduction

In the last decade, double perovskites A2BB`O6 (A:
Alkali metal, alkaline earth metal or lanthanides)
with transition metals at the BB` sites have been
extensively studied due to their interesting physical
properties, metallicity, half-metallicity, insulating as
well as ferromagnetism (FM), anti-ferromagnetism
(AFM), ferrimagnetism (FIM), which make them
attractive candidates for spintronic applications
(like Sr2FeMoO6Þ1 and magneto-optic devices.2

This class of materials can exhibit a variety of
crystallographic structures for di®erent alkaline and
transition metal ions in their lattice. At room tem-
perature, their lattice could be cubic (Fm�3mÞ as in
Ba2FeMoO6,

3 tetragonal (I4=mÞ as in Sr2CoWO6,
4

monoclinic (P21=nÞ as in Ca2FeMoO6.
5

In this family of double perovskites, numerous
studies have been carried out on the Ca2FeMoO6

system. This system shows ferromagnetism and
metallic behavior with high Curie temperature.5

Recently, Ca2Fe1�xCoxMoO6 (0:1 � x � 0:4) dou-
ble perovskite compound has been synthesized using
the solid-state reaction technique.6 They showed
that with increasing Co concentration, the volume
of the lattice increases with the crystal structure
unchanged and there is a reduction in the metallicity
of the system.

To the best of our knowledge, there are no pre-
vious detailed studies using density functional the-
ory to investigate the electronic and magnetic
properties for double perovskite Ca2CoMoO6 sys-
tem. We carried out ¯rst-principles calculations to
investigate the structural stability of Ca2CoMoO6

using both the generalized gradient approximation
(GGA) and the GGA with the Hubbard Columbic
interactions. The Hubbard U correction is intro-
duced to account for the presence of electron–
electron correlation associated with the d electrons
of the transition metal ions.7,8 The e®ect of the
Hubbard U (Coulomb interaction correction) on
the magnetic behavior and the magnetic properties,
which is of interest, is evaluated. We show that
the Ca2CoMoO6 crystallize in the monoclinic sys-
tem (P21=nÞ using only energetic consideration.
The electronic properties are evaluated and an ap-
proximation of the magnetic Curie temperature is
given.

This study is organized as follows. In Sec. 2, a
brief overview of the theoretical method used is
presented. The results and discussions are presented

in Sec. 3. Finally, the conclusions derived from our
calculations are summarized in Sec. 4.

2. Computational Details

Using density functional theory (DFT)9,10 within
both the generalized gradient approximation (GGA-
PBE)11 and (GGA-PBEþUÞ,12 the total energy of
all crystal structures is evaluated. The Hubbard as
mentioned above is used to account for the onsite
Coulomb interaction. The crystal structure and
ionic position were optimized using the full-potential
augmented plane wave method (FP-LAPW) as
implemented in the WIEN2K code.13 In the FP-
LAPWmethod, the wave function and potential are
expanded using spherical harmonic functions inside
the nonoverlapping spheres surrounding the atomic
sites (mu±n-tin spheres). The Brillouin zone was
sampled with a 10� 10� 7 k-point mesh and the
RMT �KMAX is set to 8. The mu±n-tin (MT) radii
of calcium, cobalt, molybdenum and oxygen are set
to 2.02, 2.04, 1.75 and 1.55, respectively. To study
the electronic and magnetic properties of Ca2Co-
MoO6 crystal structure, the Hubbard U parameter
is set to 5 eV and 1 eV for the strongly correlated
Co 3d electrons14 and the weakly correlated Mo 4d
electrons,15 respectively.

3. Results and Discussion

3.1. Structural properties and magnetic
stability

To evaluate the most stable phase, the total energy
as a function of volume is calculated using GGA-
PBE and GGA-PBEþU for the three probable

phases [cubic (Fm�3m# 225), tetragonal (I4=m#
87) and monoclinic (P21=n # 14)] as shown in
Fig. 1. Figures 1(a) and 1(b) show that the mono-
clinic phase is the most stable structure of Ca2Co-
MoO6. Full structural optimization for the double
perovskite Ca2CoMoO6 compound of the various
phases is carried out. The bulk modulus and pres-
sure derivative computed by means of Murnaghan's
equation of states16 using the GGA-PBE and GGA-
PBEþU schemes for the three phases are listed in
Table 1. To the best of our knowledge, no experi-
mental or ab-initio data on the bulk modulus and
pressure derivative of Ca2CoMoO6 are available in
the literature. The calculated lattice parameter
obtained is comparable to the work by Poddar et al.6
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The calculated atomic positions for the monoclinic
phase are presented in Table 2. The lattice constants
obtained within GGA-PBEþU is slightly larger
compared to the GGA-PBE approximation.

The monoclinic structure of double perovskite
Ca2CoMoO6 is optimized for di®erent magnetic spin

con¯gurations as shown in Fig. 2. The considered
con¯gurations are the ferromagnetic (FM) spin
con¯guration and two independent anti-ferromag-
netic (AFM) spin con¯gurations. The two AFM
con¯gurations are AFM1 and AFM2, which have
both Co and Mo in the AFM coupling along the c

(a) (b)

Fig. 1. Total energy as a function of volume for the ferromagnetic (FM) spin ordering of Ca2CoMoO6 compound in the cubic,
tetragonal, and monoclinic structures using (a) GGA-PBE and (b) GGA-PBEþU .

Table 1. The calculated lattice constants (a, b, c in Å, and � in degrees), the bulk modulus B
(in GPa) and it's derivative (B 0) of the Ca2CoMoO6 double perovskite structure in P21=n
monoclinic symmetry with FM ordering obtained using GGA-PBE and GGA-PBEþU
approximations.

a b c � B B 0

Ca2CoMoO6 P21/n GGA-PBE 5.55 5.65 7.91 90.2 163 4.38
GGA-PBEþU 5.56 5.65 7.92 90.2 162 4.45

I4=m GGA-PBE 5.40 5.40 7.80 184 4.60
GGA-PBEþU 5.45 5.45 7.88 178 4.45

Fm�3m GGA-PBE 7.72 7.72 7.72 201 4.38

GGA-PBEþU 7.75 7.75 7.75 184 4.52

Ca2MnMoO6 P21=n Ref. 6 5.41 5.52 7.78 89.91

Table 2. The Wycko® positions of the double perovskite Ca2CoMoO6 compound in the
monoclinic structure.

Ca Co Mo O (1) O (2) O (3)
Site 4e 2c 2d 4e 4e 4e

Present work GGA-PBE x 0.0110 0.5 0 0.2842 0.3090 0.9116
y 0.0531 0 0.5 0.3024 0.2797 0.4699
z 0.2548 0 0 0.0422 0.4488 0.2382

GGA-PBEþU x 0.0119 0.5 0 0.2829 0.3135 0.9065
y 0.0535 0 0.5 0.3070 0.2806 0.4664
z 0.2543 0 0 0.0444 0.4452 0.2355
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axis. The total energy as a function of the volume for
all the considered magnetic con¯gurations in the
monoclinic phase using GGA-PBE and GGA-
PBEþU is presented in Figs. 3(a) and 3(b). The FM
ordering is found to be stable compared to the
AFM1 and AFM2 ordering using GGA-PBE. The
stability of the FM con¯guration increases com-
pared to the (AFM1 and AFM2) con¯gurations
using the GGA-PBEþU approximation. This shows
that the Ca2CoMoO6 monoclinic structure exhibits
ferromagnetic behavior with possible application as
a spintronic material.

3.2. Electronic structure

The electronic band structure and density of states
of the stable monoclinic ferromagnetic Ca2CoMoO6

are calculated within GGA-PBE and GGA-PBEþU
approximations. According to Fig. 4(a), the calcu-
lated band structure of Ca2CoMoO6 compound
using GGA-PBE exhibit an indirect band gap
EgY�D ¼ 1:58 eV in the spin up channel. On the
other hand, there is a considerable overlap of the
valence and conduction bands at the Fermi level in
the spin down channel as shown in Fig. 4(b). This
implies that the system is half-metallic (HM).

(a) (b) (c)

Fig. 2. Schematic representation of (a) ferromagnetic FM and the anti-ferromagnetic (b) AFM1, and (c) AFM2 spin con¯gurations
of Ca2CoMoO6 crystal structure in the monoclinic phase produced by VESTA.20

(a) (b)

Fig. 3. Total energy as a function of volume for the ferromagnetic (FM) and anti-ferromagnetic [AFM1 and AFM2] spin orderings
of the monoclinic Ca2CoMoO6 compound using (a) GGA-PBE and (b) GGA-PBEþU .
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This result con¯rms the half-metallic character of
this compound, with a value of the half-metallic gap
EgHM ¼ 0:465 eV and an integer magnetic moment
(see Table 3).

To properly ascertain the computed electronic
structure, the GGA-PBEþU approximation is car-
ried out. From Fig. 5, the band structure calculated
for Ca2CoMoO6 using GGA-PBEþU in the mono-
clinic structure has an indirect gap EY�� ¼ 2:25 eV
in the spin up channel (Fig. 5(a)), and another in-
direct gap EY�� ¼ 1:98 eV in the case of the spin
down channel (Fig. 5(b)). We ¯nd that the spin
down channel of the band dispersion has a smaller
insulating gap compared to the spin up channel as
shown in Figs. 5(a) and 5(b). Hence, the true ground
state of Ca2CoMoO6 is half-semiconducting (HSC).
This result con¯rms the half-semiconductor nature

of this compound in this structure when using
GGA-PBEþU , with a half-semiconductor band gap

EHSC
g ¼ 1:98 eV and an integer magnetic moment

(see Table 3).
In Figs. 6(a) and 6(b), we present the calculated

spin polarized density of states of Ca2CoMoO6

using GGA-PBE and GGA-PBEþU . The elec-
tronic structure obtained from the DOS using
GGA-PBE shows a HM character consistent with
our calculated band structure as presented in
Fig. 6(a). The O 2p orbital extends from about
�6:5 eV to �1:2 eV and hybridizes with the Co 3d
orbitals in the same energy region. The Mo 4d
orbitals extend from the 1.6–2.5 eV in the conduc-
tion band. The band gap within the GGA appears
in the spin-up channel. In the spin-down channel,
the Co 3d states dominate at the Fermi level from

(a) (b)

Fig. 4. The calculated spin-polarized band structures (a) spin up and (b) spin down at the equilibrium lattice constant of the
monoclinic double perovskite Ca2CoMoO6 compound using GGA-PBE. The horizontal dashed line indicates the Fermi level.

Table 3. The calculated total magnetic moment �tot (in �B/Cell) per cell and the local
magnetic moments �Co, �Mo (in �B/atom) of Co, and Mo atoms, respectively, the energy
band gaps Eg (spin "Þ and Eg (spin #Þ (in eV) for the majority and minority spin channels,

respectively, the half metallic gap EHM
g (in eV), and the half semiconductor gap EHSC

g

(in eV) using GGA-PBE and GGA-PBEþU , respectively.

�Total �Co �Mo Eg (spin ") Eg (spin #) EHM
g EHSC

g

GGA-PBE 6 2.57 0.01 1.58 Metal 0.465 HM
GGA-PBEþU 6 2.76 0.02 2.25 1.98 1.98 HSC

Half-Metallic Ferromagnetism in Double Perovskite Ca2CoMoO6 Compound: DFTþU Calculations
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�0:5 eV to 0:1 eV. Hence, we ¯nd that within the
GGA-PBE, Ca2CoMoO6 is HM.

As mentioned above to account for strong
electron–electron correlation in the system, the

electronic structure using GGA-PBEþU is evalu-
ated as shown in Fig. 6(b). The valence band con-
sists purely of Co 3d orbitals close to the Fermi level
with hybridization of the Mo 4d, O 2p, and Co 3d in

(a) (b)

Fig. 5. The calculated spin-polarized band structures (a) spin up and (b) spin down at the equilibrium lattice constant of the
monoclinic double perovskite Ca2CoMoO6 compound using GGA-PBEþU . The horizontal dashed line indicates the Fermi level.

(a) (b)

Fig. 6. The calculated spin-polarized total and partial DOS of the monoclinic double perovskite Ca2CoMoO6 compound using
(a) GGA-PBE and (b) GGA-PBEþU . The vertical dashed line indicates the Fermi level. The positive and negative values of DOS
represent the spin-up and spin-down states, respectively.
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the spin down channel. We ¯nd that using GGA-
PBEþU , Ca2CoMoO6 compound presents a half-
semiconducting state with integer total magnetic
moment arising mainly from Co and a weak mag-
netic moment from Mo.

To provide further clari¯cation on the half-
semiconductor (HSC) nature of Ca2CoMoO6 com-
pound, the spin up and spin down resolved band
structure along the high symmetry point in the
Brillouin zone and total density of states is pre-
sented for the GGA-PBEþU calculation in Fig. 7.
Considering the electronic band structure, it is ob-

vious that the half-semiconductor band gap (EHSC
g Þ

is attributed to the spin down states. The top of
the valence bands in the spin up and spin down
resolved band structures are nearly at the same
level, whereas the bottom of the conduction
bands show di®erent values at the �-point, given a
di®erence band gap value �Eg ¼ Eg (spin "Þ � Eg

(spin #Þ ¼ 0:25 eV. The density of states calculation
a±rms this assertion as shown on the right side of
Fig. 7.

The calculated magnetic properties using GGA-
PBE and GGA-PBEþU are summarized in Table 3.
We show the total and individual magnetic
moments of the atoms per unit cell of Ca2CoMoO6.
The total magnetic moment of Ca2CoMoO6 arises
mainly from the Co atoms with a weak additional
contribution of Mo, Ca and O atoms as mentioned
above.

3.3. Exchange couplings and magnetic
Curie temperature

The Curie temperature of a magnetic material is
de¯ned principally by the exchange interaction,
which determines the alignment of atomic spins, and
makes a material ferromagnetic on the macroscopic
scale. Vampire software package17,18 contains a
prede¯ned function to calculate the Curie tempera-
ture of a material by performing a temperature
sweep and calculating the average magnetization,
giving the classic (M–T) curve. The exchange energy
is calculated from the following expression:

H ¼ �
X
i6¼j

Jij Ŝi � Ŝj;

where Jij is the exchange energy between nearest

neighboring spins, and Si is the spin operator at site
i (in both of the Co and Mo sub-lattices). There
exists a relation between the magnetic energies eij
and exchange parameter Jij, which can be expressed

and estimated as follows:

eij ¼ JijŜi � Ŝj;

where Si takes either 3
2 and 1

2 for the Co and Mo

spins, respectively. The exchange interactions
were obtained by mapping ab initio electronic
structure calculations to the classical Heisenberg
Hamiltonian.19 From the total energy di®erence
(relative to FM con¯guration), we obtain the

Fig. 7. The calculated spin-polarized band structure and total DOS of the monoclinic double perovskite Ca2CoMoO6 compound in
the FM con¯guration using GGA-PBEþU . The vertical dashed line indicates the Fermi level. The positive and negative values of
DOS represent the spin-up and spin-down states, respectively.
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following equations from the three magnetic struc-
tures by considering only the nearest neighbor:

0 ¼ 8eCo�Mo þ 3eCo�Co þ 3eMo�Mo;

EAFM1 � EFM ¼ �eCo�Co � eMo�Mo;

EAFM2 � EFM ¼ �4eCo�Mo � eCo�Co:

8><
>:

We solve the eij parameters from the above equation

set, and then calculate the exchange coupling
parameters Jij by using the above relations in GGA-

PBE and GGA-PBEþU . The spin exchange ener-
gies eij and constants Jij are summarized in Table 4.

As can be seen in Table 4, there is a strong quali-
tative di®erence in the calculated value of the
nearest-neighbor interactions in the two cases: in
GGA-PBE and GGA-PBEþU . Starting from FM,
we obtain a tendency to retain ferromagnetism
(positive exchange constant); while starting from
the AFM state, we obtain a tendency to retain
anti-ferromagnetism (negative exchange constant).
For the more distant neighbors Co–Mo the two

calculations give quantitative, but not so much
qualitative, di®erences. The Co–Mo spin exchange
energies is much smaller than the Co–Co and Mo–
Mo values using GGA-PBE and GGA-PBEþU . As
a result, the spin exchange parameters Jij are 6.89

(GGA-PBE) and 9.19meV (GGA-PBEþU) be-
tween the nearest Co–Mo pair, much smaller than
those between Co–Co and Mo–Mo. It is clear that
the Co–Co and Mo–Mo spin coupling is dominant
over the Co–Mo. The periodic boundary conditions
in all three spatial dimensions are set with respec-
tively (L ¼ 10 nm, 20 nm and 30 nm). The calcu-
lated TC value is equivalent to 278K shown in
Fig. 8.

4. Conclusion

In summary, using the ¯rst-principles FP-LAPW
method within GGA–PBE and GGA-PBEþU for
the exchange correlation functional, we have inves-
tigated the electronic structure and magnetization
of Ca2CoMoO6 crystal structure. The results indi-
cate that the inclusion of the Hubbard U Coulomb
interaction provides better description of the elec-
tronic structure. The analysis of the calculated spin-
polarized band structures and densities of states
indicate that Ca2CoMoO6 compound was half-
metallic (HM) within GGA-PBE and a half-
semiconductor (HSC) ferromagnetic (FM) with a
total magnetic moment of 6.0 within GGA-PBEþU .
Our Monte Carlo simulations illustrate very high
Curie temperatures of 278K for Ca2CoMoO6 crystal
structure. The results of the study are useful to-
wards applying Ca2CoMoO6 crystal structure as a
potential spintronic material.
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